Aluminum hydroxide nanocrystals consisting of an amorphous shell and crystalline core are fabricated by pulsed laser ablation of an aluminum target in water. The colloid consisting of nanocrystals with a uniform size exhibits a size-independent photoluminescence ͑PL͒ band at ϳ383 nm. According to the PL excitation spectra and time-resolved PL decay analysis, this PL band originates from oxygen vacancies in the amorphous shell and Förster energy transfer occurs between the oxygen vacancy levels in the crystalline core and amorphous shell. These phenomena are found to alter the PL excitation spectra. © 2010 American Institute of Physics. ͓doi:10.1063/1.3491161͔ Aluminum hydroxide ͓Al͑OH͒ 3 , AHO͔ is an intermediate compound in the Bayer process which is commercially adopted by the aluminum and alumina industry.
Aluminum hydroxide ͓Al͑OH͒ 3 , AHO͔ is an intermediate compound in the Bayer process which is commercially adopted by the aluminum and alumina industry.
1 AHO has many applications such as micro-organism and phosphate absorbents for waste treatment, alumina catalyst precursors, antacid drugs, and flame retardant materials. [2] [3] [4] [5] [6] Various polymorphs of AHO such as bayerite, gibbsite, nordstrandite, and doyleite have been produced [7] [8] [9] [10] and these polymorphs have a double layer structure consisting of OH ions held together by hydrogen bonding. 11 Since defects or color centers in alumina such as oxygen vacancies ͑OVs͒ can substantially affect the electrical, optical, and thermal properties of the materials, 12 many other physical properties of AHO may also be impacted by defects or impurity centers. Hence, it is important to investigate these phenomena in order to widen its applications, particularly those pertaining to optoelectronic devices. Investigations on AHO have hitherto mainly focused on the formation of the different nanostructures and conversion to alumina nanocrystals ͑NCs͒ ͑Refs. 7, 9, and 10͒ and there have been relatively few studies on the photoluminescence ͑PL͒ properties of boehmite whiskers, nanorods, and nanoflake. 8, 13 In particular, specific analyses of the PL property and mechanism of AHO NCs with a composite nanostructure have not been performed systematically. In this work, we fabricate a homogeneous AHO NC colloid by pulsed laser ablation of a crystalline Al sheet in water and study the PL characteristics. Our results suggest that ultraviolet laser irradiation with different energies alters the amounts of different OVs consequently modifying the PL spectra.
The experimental setup for the AHO colloid solution fabrication is shown in Fig. 1͑a͒ . A high purity Al target ͑99.99 wt %͒ with dimensions of 30ϫ 30ϫ 1 mm 3 was electrochemically polished to remove the surface oxide and then placed into a 500 ml cylindrical glass containing 8 mm deep deionized water. The glass was placed on a movable flat so that the position could be adjusted. A 248 mm laser beam with a 10 Hz repetition rate irradiated the Al target via a 90°p rism and a lens was also added to enhance the laser intensity. After 10 min of laser irradiation at a power of 200 ͑sample A͒, 300 ͑sample B͒, or 451 mJ/pulse ͑sample C͒, milky colloidal solutions containing AHO NCs were produced. In order to obtain AHO NCs with a uniform size, the solution was centrifuged at 8000 rpm for 10 min and the upper colloidal solution was used to measure optical properties. The materials were characterized by transmission electron microscopy ͑TEM͒, Raman spectroscopy, PL, PL excitation ͑PLE͒, and x-ray diffraction ͑XRD͒ and the analytical details can be found elsewhere. 14, 15 All the measurements were conducted at room temperature.
The typical TEM images of the synthesized AHO NCs in samples B and C are depicted in Figs tively. The nanoparticles have an almost spherical shape due to minimization of surface free energy. 16 The NCs in sample B has a uniform diameter of about 6.8 nm and those in sample C are approximately 7.4 nm. The NCs in sample A are slightly smaller. To disclose the crystalline structure of these NCs, a representative high-resolution TEM image acquired from sample B is depicted in Fig. 1͑d͒ . The lattice fringe spacings of 0.198 and 0.185 nm are in good agreement with those of the ͑411͒ and ͑105͒ planes of AHO ͑bayerite͒. To further determine their structure and components, the anti-Stokes Raman spectrum and XRD pattern of sample B are presented in Figs. 2͑a͒ and 2͑b͒, respectively. There are three strong Raman peaks at Ϫ295.8, Ϫ321.8, and −356.7 cm −1 and their positions coincide with those of AHO bayerite. 17 The XRD spectrum shows many diffraction peaks that can be indexed to the ͑411͒ and ͑105͒ planes of bayerite. In addition, there is a broad background in these spectra indicating the presence of an amorphous component. This amorphous component is more substantial in the NCs fabricated with a higher laser power, as illustrated by the two selected-area electron diffraction ͑SAED͒ images obtained from individual NCs in samples B and C in the insets of Figs. 1͑b͒ and 1͑c͒, respectively. Obviously, the NCs in sample B have better crystallinity than those in sample C. This is understandable because a high laser power produces NCs with a larger size. Some of them do not have enough time to crystallize and thus the NCs contain a larger amorphous component. The results indicate that they are crystalline AHO NCs with different orientations and the surfaces of these NCs contain an amorphous component. Since the SAED image is taken from an NC, the inference is reasonable. Figure 3͑a͒ shows the PL spectra acquired from the three AHO NC colloids ͑A, B, and C͒ excited by the 250 nm line of a Xe lamp. All the spectra show the same PL band centered at ϳ383 nm with a linewidth of about 90 nm. Its intensity decreases with increasing irradiation power during sample fabrication. The violet PL is obviously not associated with quantum confinement because there is no NC size dependence. To investigate the PL origin, the PLE spectra are presented in Fig. 3͑b͒ . Interestingly, the PLE spectra are quite different. For example, sample A shows only a PLE peak at 299 nm with a linewidth of about 45 nm. The 299 nm peak becomes a small shoulder in sample C and another strong PLE peak appears at 254 nm. The 254 nm peak has a linewidth of about 22 nm which is narrower than that of the 299 nm peak. The PLE spectrum acquired from sample B exhibits two salient peaks at 254 and 299 nm. The PLE results clearly show that the 383 nm PL peak does not originate from the transition of electrons in some defects. According to the linewidths of the PL and PLE peaks, it can be inferred that at least three luminescent centers are involved in the excitation and recombination processes.
Since not much is known about the luminescent properties of AHO nanomaterials, the assignment of the PL peak is difficult. Yu et al. 8 have investigated the PL characteristics of crystalline AHO whiskers and proposed that the 383 nm PL band is associated with both F + ͑an OV occupied by one electron͒ and F centers ͑an OV occupied by two electrons͒ with energy levels of 4.1 ͑302 nm͒ and 4.8 eV ͑258 nm͒. 8, 18 The F centers have higher energy than F + . 19 Since the AHO NCs in this study also inevitably contain a large number of OVs, the above assignment appears to be reasonable. However, the luminescent center should give rise to a 3.2 eV PL band. By taking into account the amorphous component in our samples, the observed 3.2 eV peak can be attributed to the OVs in the amorphous AHO that has a lower energy than those in the crystalline structure. 12 The large linewidth of the PL peak supports the assignment. Generally, the amorphous component is located on the surface of the NCs and consequently, the ratio of the crystalline to amorphous structure determines the PL intensity. This implies that the PL intensity from sample C should be the greatest because it has the biggest NC size and amorphous component. However, the PL spectra do not indicate this trend and in fact, sample A shows the largest intensity. This indicates that there must be other reasons for the PL intensity.
To further explore this phenomenon, we refer to the PLE spectra. The 383 nm PL peak from sample C mainly comes from the 253 nm PLE band ͑F center͒ and the 382 nm PL 
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band from sample A is associated with the 299 nm PLE band ͑F + center͒. Since the three levels of 253, 299, and 382 nm are from different defect states, a Förster energy transfer process is believed to take place in the samples, 20, 21 as illustrated in Fig. 4 which depicts the energy band diagram of a AHO NC with an amorphous shell. Accordingly, we can describe the electron excitation and recombination processes as follows. Photoexcitation of electrons occurs in the OVs ͑F + and F centers͒ in the crystalline AHO core, whereas radiative recombination takes place in the OV level with an energy of 3.2 eV ͑383 nm͒ in the amorphous shell via resonance energy transfer. This model can explain the following experimental results very well. The 253 and 299 nm PLE bands related with the F and F + centers in samples C and A, respectively, have large intensities. Under large power laser irradiation, a large number of self-trapped excitons are produced. 22 The OVs can easily trap two electrons and thus sample C has a high density of F centers. 21 When the irradiating laser power is low, the OVs can readily trap one electron and thus the density of the F + centers is higher. For an intermediate irradiation power of 300 ͑300 mJ/pulse͒, the F and F + centers exist simultaneously and their densities depend on the irradiation laser power.
To provide evidence of resonant energy transfer, the time-resolved PL decay curves are acquired on an Edinburgh FLS920 fluorescence spectrophotometer equipped with a 450 W Xe lamp as the excitation source. The typical PL decay curves at 383 nm obtained from sample C is presented in Fig. 2͑c͒ . By subtracting the spectrometer background signal and fitting the experimental decay transients with two stretched exponential functions, the lifetimes of the 383 nm band are derived to be 0.24 and 3.83 ns. The decay time values determined from samples A and B are similar and have the same order of magnitude as that observed from sample C. The one order of magnitude difference in the two lifetimes indicates that the electron transition occurs between two different defect levels and it is consistent with our model. In our samples, the OVs in the crystalline core and amorphous shell serve as the donors and acceptors, respectively. Overlapping of the acceptor and donor electronic levels, the small separation, and relatively long lifetime of the electronic excitation of the donor play important roles in the efficient energy transfer. It is well known that the smaller the size of the NCs, the higher is the efficiency to produce photoexcited carriers. 23 Samples A and C have the smallest and largest NC sizes, and hence, their PL intensities are the largest and lowest, respectively.
In summary, we have produced a colloid containing AHO NCs with a uniform size by pulsed laser ablation in water and observe that the emission band at ϳ383 nm is independent of NC size. The PL band can be attributed to OVs in the amorphous shell on the NCs. The PLE spectral result and time-resolved PL decay analysis disclose Förster energy transfer between the OV levels in the amorphous shell layer and crystalline core of the AHO NCs as a result of different laser irradiation power. The results provide insight into the influence of laser irradiation on the preparation of AHO nanomaterials. 
